We evaluated the effect of short-term and long-term heroin abstinence on brain responses to heroin-related cues using functional magnetic resonance imaging (fMRI). Methods: Eighteen male heroin addicts following short-term abstinence and 19 male heroin addicts following long-term abstinence underwent fMRI scanning while viewing heroin-related and neutral images. Cue-elicited craving and withdrawal symptoms in the subjects were measured. Results: Following short-term abstinence, greater activation was found in response to heroin cues compared to neutral cues in bilateral temporal, occipital, posterior cingulate, anterior cingulate, thalamus, cerebellum, and left hippocampus. In contrast, activations in bilateral temporal and occipital and deactivations in bilateral frontal, bilateral parietal, left posterior cingulate, insula, thalamus, dorsal striatum, and bilateral cerebellum were observed following long-term abstinence. Direct comparisons between conditions showed greater brain reactivity in response to smoking cues following short-term abstinence. In addition, short-term abstinence had more serious withdrawal symptoms than the long-term. Conclusion: The present findings indicate that compared to shortterm, long-term abstinence manifests less serious withdrawal symptoms and significantly decreases neural responses to heroin-related cues in brain regions subserving visual sensory processing, attention, memory, and action planning. These findings suggest that long-term abstinence can decrease the salience of conditioned cues, thereby reducing the risk of relapses. The study's limitations are noted.
INTRODUCTION

Drug addiction is characterized by compulsive drugtaking behavior and high rates of relapse even after many years of abstinence
. Exposure to cues associated with drug use instigates physiological, behavioral, and subjective reactions, including craving, and is thought to play a significant role in the maintenance of the addiction, as well as the relapse in people attempting to quit (Abrams, Monti, Carey, Pinto, & Jacobus, 1988) . Over the past few decades, numerous functional magnetic resonance imaging (fMRI) studies have documented brain areas activated by drug-related cues. These areas include regions known to be involved with reward, craving, emotional processing, memory, visual attention, and impulsivity (Brody et al., 2007; Due, Huettel, Hall, & Rubin, 2002; Franklin et al., 2007; McClernon, Kozink, Lutz, & Rose, 2009; Rubinstein et al., 2011) . These findings suggest that exposure to drug-related cues increases attentional resources focused on processing external, drug-related information, and triggers the planning of behaviors aimed at obtaining drugs.
However, one factor that is believed to influence this neural response to drug cues -the user's level of abstinence -has seldom been investigated using functional brain imaging. Brain reactivity to smoking-related cues increases following acute and extended smoking abstinence compared to the prequit state (Janes et al., 2009; McClernon et al., 2009) . In contrast with these findings, two previous fMRI studies did not show that smoking abstinence increased brain reactivity to smoking cues (McClernon, Hiott, Huettel, & Rose, 2005; McBride, Barrett, Kelly, Aw, & Dagher, 2006) , while one study found abstinence did decrease reactivity in ventral striatum in male smokers (David et al., 2007) . (Kushnir et al., 2010; Mei, Zhang, & Xiao, 2010; Nestor, McCabe, Jones, Clancy, & Garavan, 2011) . (Shi, Zhao, Epstein, Zhang, & Lu, 2007) .
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MATERIALS AND METHODS
Subjects
RESULTS
Subject Characteristics
As shown in Table 1 (BA 19, 21, 39), bilateral occipital (BA 19, 37, 39) , bilateral posterior cingulate (BA 23, 29, 30) (BA 6, 8, 9) , bilateral parietal (BA 1, 2, 3, 5, 7, 40) , left posterior cingulate (BA 23), insula, thalamus, dorsal striatum, and bilateral cerebellum (Figure 2 ; Table 3 ).
When fMRI activity to heroin-related versus neutral images was compared across conditions, several brain areas were found to exhibit increased activation following the short-term abstinence in comparison to the long-term abstinence. Increased activation was found in the bilateral temporal (BA 19, 21, 39) , bilateral parietal (BA 1, 2), bilateral occipital (BA 19, 37, 39) , left posterior cingulate (BA 23, 29, 30) , left hippocampus, insula, thalamus, dorsal striatum, and bilateral cerebellum. The reduced fMRI reactivity to heroin-related images versus neutral images was not found in any brain areas (Figure 2, Table 4 ). (Talairach & Tournoux, 1988) (McClernon, Kozink, & Rose, 2008; Thiel, Zilles, & Fink, 2005) . Similar sites of activation have been observed in previous studies of smoking cue reactivity (Brody et al., 2007; McBride et al., 2006; Wilson, Sayette, Delgado, & Fiez, 2005) . Greater heroin-related cue activation was also observed in temporal areas that are correlated with increased reactivity to heroin-related cues (McClernon et al., 2008) . Heroin-related cue activation increased in posterior cingulate, which is involved in visuospatial attention and information processing (Gron, Wunderlich, Spitzer, Tomczak, & Riepe, 2000; Vogt, Finch, & Olson, 1992) and has been shown active in response to visual smoking (McBride et al., 2006) and cocaine cues (Kilts, Gross, Ely, & Drexler, 2004) . Heroin-related cue activation was also observed in anterior cingulate, which is involved in emotional processing (Fichtenholtz et al., 2004; Keightley et al., 2003) . Heroin-related cues activated hippocampus and thalamus in addition to the aforementioned areas of the brain. The hippocampus has an important role in learning, memory, and anxiety (Buccafusco et al., 1995) . Following long-term heroin abstinence, greater heroin-related cue activation was only observed in occipital and temporal cortices.
refer to the peak activation voxel within each cluster of continuous voxels. The t-values refer to the maximum t statistic in each cluster. Voxel numbers refer to the total number of voxels per cluster. G = gyrus.
DISCUSSION
This study was a pilot study. We used fMRI to detect brain activity in response to heroin-related versus neutral images in heroin addicts following short-and long-term abstinence, respectively. We found remarkable between-scan differences in fMRI reactivity patterns between the two groups. Following short-term heroin abstinence, fMRI reactivity to heroin-related versus neutral images increased in regions involved in visuospatial processing such as occipital cortex
Strong activities were evoked in dorsal striatum by the heroin-related cues following short-term abstinence. The dorsal striatum plays a predominant role in the maintenance of drug-seeking behavior (Haber, Fudge, & McFarland, 2000; Ito, Dalley, Robbins, & Everitt, 2002 (Belin & Everitt, 2008; Vanderschuren, Di Ciano, & Everitt, 2005) . Inactivation of the dorsal striatum was shown to reduce relapse to cocaine seeking driven by discrete or contextual cues (Fuchs, Branham, & See, 2006; See, Elliott, & Feltenstein, 2007) . Studies in humans have shown increases in activity and dopamine transmission during cue-induced cocaine craving in the dorsal, but not ventral, striatum (Garavan et al., 2000; Volkow et al., 2006; Wong et al., 2006 Decreased activities were evoked in the insula by the heroin-related cues following long-term abstinence. The insula is reportedly involved in maintaining smoking behavior (Naqvi, Rudrauf, Damasio, & Bechara, 2007) , and it is activated during various forms of craving and/or exposure to drug-related or other incentiverelated cues (Craig, Attwood, Benton, Penton-Voak, & Munafo, 2009 
